Abstract: Adenine deaminase (ADE) from the amidohydrolase superfamily (AHS) of enzymes catalyzes the conversion of adenine to hypoxanthine and ammonia. Enzyme isolated from Escherichia coli was largely inactive toward the deamination of adenine. Molecular weight determinations by mass spectrometry provided evidence that multiple histidine and methionine residues were oxygenated. When iron was sequestered with a metal chelator and the growth medium supplemented with Mn 21 before induction, the post-translational modifications disappeared. Enzyme expressed and purified under these conditions was substantially more active for adenine deamination. Apo-enzyme was prepared and reconstituted with two equivalents of FeSO 4 . Inductively coupled plasma mass spectrometry and Mö ssbauer spectroscopy demonstrated that this protein contained two high-spin ferrous ions per monomer of ADE. In addition to the adenine deaminase activity, [ ]-ADE that involves the cycling of the binuclear metal center between the di-ferric and di-ferrous oxidation states. Oxygenation of active site residues occurs via release of hydroxyl radicals. These findings represent the first report of redox reaction catalysis by any member of the AHS.
Abstract: Adenine deaminase (ADE) from the amidohydrolase superfamily (AHS) of enzymes catalyzes the conversion of adenine to hypoxanthine and ammonia. Enzyme isolated from Escherichia coli was largely inactive toward the deamination of adenine. Molecular weight determinations by mass spectrometry provided evidence that multiple histidine and methionine residues were oxygenated. When iron was sequestered with a metal chelator and the growth medium supplemented with Mn 21 before induction, the post-translational modifications disappeared. Enzyme expressed and purified under these conditions was substantially more active for adenine deamination. Apo-enzyme was prepared and reconstituted with two equivalents of FeSO 4 . Inductively coupled plasma mass spectrometry and Mö ssbauer spectroscopy demonstrated that this protein contained two high-spin ferrous ions per monomer of ADE. In addition to the adenine deaminase activity, [ Introduction Adenine deaminase (ADE), a member of the amidohydrolase superfamily (AHS), catalyzes the hydrolytic deamination of adenine to hypoxanthine and ammonia as shown in Scheme 1. One of the apparent roles of this enzyme within bacteria is to recycle purine nucleotides and scavenge ammonia. Other enzymes within the AHS catalyze the deamination of S-adenosyl homocysteine, adenosine, guanine, cytosine, 8-oxoguanine, and additional aromatic substrates. 1 The three-dimensional structure of ADE from Agrobacterium tumefaciens (ADE at ; locus tag: Atu4426) has been determined [Protein Data Bank (PDB) id: 3nqb] and the mechanism of action for the enzyme from Escherichia coli K12 (ADE ec ; locus tag: b3665) has been elucidated. 2 The ADEs from cog1001 are unique members of the AHS, since they require two divalent cations for maximal catalytic activity while the other deaminases from this superfamily require a single divalent cation in the active site. 1, 2 The active site structure of ADE from A.
tumefaciens is presented in Figure 1 .
ADEs from various bacterial sources are highly sensitive to the presence of intracellular iron. 2 Unless precautions are taken to exclude the incorporation of iron into the enzyme during protein expression, the isolated enzyme becomes damaged and catalytic activity is severely compromised. However, the diferrous form of ADE ec , made via reconstitution of apoprotein, is remarkably stable, even in the presence of O 2 . 2 In this article, we demonstrate that the extreme lability of ADE in the cell is due to the reaction of H 2 O 2 with the diferrous form of the enzyme, and suggest that this reaction may serve as a marker for oxidative stress in certain bacteria. 2 , and the formation of hydroxyl radical and superoxide from the same substrate. The hydroxyl radicals oxygenate multiple amino acid side chains within the active site, thereby abolishing catalytic activity. This work represents the first report of an enzyme in the AHS able to catalyze an oxidation/reduction reaction. A mechanism for the reaction of hydrogen peroxide with the iron-bound form of ADE is proposed.
Results

Isolation of ADE
The gene for ADE ec was expressed in E. coli using standard methods. 2, 3 However, the identity of the isolated protein could not be verified by mass spectrometry because multiple levels of post-translational modification made the spectrum impossible to interpret. Mass spectrometric analysis of the trypsin-generated fragments (70% coverage) identified the following residues as oxygenated: His-90, His-92, Met-97, Met-98, Met-186, Met-187, His-235, Met-251, Met-254, His-513, and Met-522 (data not shown). Of these residues, His-90, His-92, and His-235 are metal binding residues, based on amino acid sequence identity and the three-dimensional structure of ADE at (PDB: 3nqb). The kinetic constants for the deamination of adenine by oxygenated ADE ec are 2.0 6 0.3 s À1 , 0.8 6 0.1 mM, and (2.5 6 0.2) Â 10 3 M À1 s À1 for k cat , K m , and k cat /K m , respectively.
The mass spectrum of ADE ca from C. acetobutylicum (locus tag: Cac0887) also exhibited multiple species due to oxygenation when expressed in E. coli (Supporting Information Fig. S1 ). Mass spectrometry pinpointed oxygenation sites at His-73, His-75, His-105, His-198, and His-219. Of these residues, His-73, His-75, His-198, and His-219 are metal binding residues by analogy with the structure of ADE at . Tandem mass spectrometry (MS) spectra of two peptides containing residues 94-115 and 194-203 are presented in Supporting Information Figure S2 .
Sequestration of iron
It was initially postulated that oxygenation of amino acid residues throughout the protein was initiated by reactions catalyzed by iron bound in the active site of ADE. 2 The addition of 50 lM 2,2'-dipyridyl and 1.0 mM Mn 2þ to the growth medium was utilized to sequester the iron at the time of induction. ADE ec purified from iron-depleted medium yielded a single species via analysis by mass spectrometry with a molecular weight of 63,741 Da (data not shown; by contrast, the oxygenated enzyme exhibits a broad peak ranging in mass from $63,600 to $65,400). Trypsin digestion of this protein gave 91% Scheme 1. ]-ADE at (PDB id: 3nqb). Residue numbers shown in parentheses are for the equivalent residues from adenine deaminase from E. coli. In this structure, there is a third manganese ion bound in the active site that is currently thought to be unimportant for the catalytic activity of adenine deaminase.
sequence coverage and no residues were found to be oxygenated. The total metal content was 2.0 6 0. for k cat , K m , and k cat /K m , respectively. The mass spectrum of ADE ca , isolated using the iron-free expression protocol, is presented in Supporting Information Figure S3 . Kinetic constants and average metal content for ADE cloned from various bacterial sources and expressed in E. coli in the presence and absence of the iron chelator are presented in Table I Figure 4 . In each case, the metal center is found in the diferrous oxidation state.
Detection of superoxide
The formation of superoxide was probed with hydroethidine, a superoxide scavenger. 8 Addition of to fresh enzyme . The spectrum was collected at 4.5 K, 400 G magnetic field applied parallel to the radiation. Red line represents a simulation of the data with a single species with the following parameters: 
Hydroxyl radical formation
Lidocaine is a potent hydroxyl radical scavenger. activity, apo-ADE ec (1.5 lM) was reconstituted with two equivalents of metal using a mixture of manganese and iron of different ratios (3.0 lM total metal concentration). ICP-MS verified that the metal content of ADE ec after reconstitution was in accordance with the ratio of metal ions added to apo-ADE ec . ADE activity was independent of the ratio of Mn and Fe 2þ added to the enzyme (Fig. 6 ). However, no catalase activity was observed until the ratio of iron to manganese exceeded 1.0. When more than one equivalent of iron was added to apo-ADE ec , there was a linear increase in the catalase activity with an increase in the iron content (Fig. 6 ). These results are consistent with the preferential binding of manganese and/or iron at one of the two metal sites within the binuclear metal center and a requirement for both sites to be occupied by iron for the catalase activity but not the deaminase activity. 
Mutagenesis of ADE
Based on the three-dimensional structure of [Mn II /
Mn II ]-ADE at (PDB: 3nqb), the metal coordinating residues His-90, Glu-236, and Asp-284 of ADE ec were mutated to asparagine, glutamine, and alanine, respectively, and the mutant proteins were shown to bind two equivalents of metal per protein monomer. Other conserved active site residues, Ser-95, Asp-118, His-120, Glu-121, Asp-285, His-473, and Asp-474 were subsequently chosen as targets for mutagenesis based on their proximity to the binuclear metal center from the structure of ADE at . Of these seven residues, His-120, Glu-121, His-473, and Asp-474 coordinate an adventitiously bound third metal ion found $6-8Å from the binuclear metal center in ADE at (see Fig. 1 ). The metal-free forms of these mutants were prepared and reconstituted with Fe 2þ . ADE activity and metal content of the iron-reconstituted mutants were measured and the results are presented in 
Measurement of reduction potentials
The reduction potentials for inter-conversion of the diferrous and diferric states of ADE ec were measured with redox-active dyes. In these titrations, it was assumed that both irons in the binuclear metal center are oxidized or reduced in pairs and that the deaminase activity could be used as a direct measure of the relative concentration of [ (20 lM) with the redox-active oxidant thymol indophenol is presented in Figure 7 . A total of 7.9 6 0.2 equivalents of the dye were required to reduce the deaminase activity by 50%. Given the reduction potential of thymol indophenol of þ174 mV versus NHE, 11 , the binuclear metal center was left in the diferric state, the deaminase activity was lost and not recoverable, even after reduction to the ferrous state using dithionite. Since the ratio of the diferrous and diferric states of the binuclear metal center could not be determined from a direct measurement of the deaminase activity, the distribution of the oxidized and reduced species during the redox titration was determined spectrophotometrically with a dye that is colored in the oxidized state and colorless in the reduced state. The dye crystal violet has a reduction potential of 167 mV. 12 The oxidized form of the dye absorbs at 590 nm with an extinction coefficient of 54,000 M À1 cm
À1
. 12 The reduced form of crystal violet was utilized to reduce the binuclear metal center in fully oxygenated ADE. In this titration, 1.4 6 0.3 equivalents of the reduced dye were required to reduce 50% of the binuclear metal centers in ADE. ADE at were prepared from apo-ADE at and the metal content for both proteins before crystallization was determined to be 0.95 6 0.10 Mn, 1.1 6 0.1 Fe per subunit for the iron/manganese hybrid and 2.1 6 0.1 Fe per subunit for the diiron ADE by ICP-MS. However, in the crystal structure the active sites of both protein preparations contained three metal ions, similar to the previous structure determined with the di-manganese activated enzyme. In the diferrous form of ADE, Fe b in the binuclear center and the third metal are five-coordinate, whereas Fe a is fourcoordinate [ Fig. 9(a) ]. His-92, His-94 (HxH motif), Asp-289, and Glu-187 coordinate Fe a [ Fig. 9(a) ]. Glu- Fig. 9(a) ]. In the manganese/iron hybrid enzyme, it was not possible to determine the preferential binding locations of the two different metal ions [ Fig. 9(b This latter number approximates the number of oxidized histidine and methionine residues sites detected by mass spectrometry that most likely occur from the reaction of hydroxyl radicals with the protein.
It is likely that oxygenation of methionine residues is of minor importance for changes in catalytic activity. However, oxygenation of four histidine residues that coordinate the two irons in the active site can modulate oxidation/reduction reactions via changes in the reduction potential and/or coordination geometry of the binuclear metal center. From the structure of ADE from A. tumefaciens (PDB: 3nqb), the oxygenation sites are mapped and shown in Figure 10 . These oxygenation sites are predominantly in and around the binuclear metal center and seem to migrate from there to other parts of the protein. This result is consistent with the conclusion that the catalase activity originates at the binuclear metal center and is further supported by the fact that 6-chloropurine, a potent inhibitor of the deaminase reaction, inhibits the catalase activity.
The reduction potential of the binuclear metal center changes with protein oxygenation. For enzyme not previously exposed to H 2 O 2 , the reduction potential for the inter-conversion of the ferric and ferrous forms of [Fe/Fe-ADE] is þ209 mV. When the protein is partially oxygenated, the reduction potential decreases to þ194 mV and decreases further to þ175 mV when the protein is fully oxygenated and the enzyme is unable to catalyze either the deaminase or catalase reactions. These findings are consistent with the continuous modulation of the catalytic properties of the binuclear iron center as hydroxyl radicals escape and react directly with the metal ligands.
Proposed mechanism of action
How does the binuclear iron center in ADE catalyze the oxidation and reduction of hydrogen peroxide? EPR and Mössbauer spectroscopy demonstrated that the enzyme can cycle between the diferrous and diferric states of oxidation. We have not observed any spectra that are consistent with a ferryl-oxo species (Fe(IV)¼ ¼O), although this latter species is likely to be too unstable to be detected by the methods employed in this investigation. [14] [15] [16] Both metal ions within the binuclear metal center must be iron. A unique Mn/Fe hybrid can be prepared, but it is not known which of the two sites within the binuclear metal center is occupied by iron and which by manganese. This hybrid is completely inactive for reaction with hydrogen peroxide (Fig. 7) . Scheme 2 presents a working model to explain the development and decay of the catalase-like activity of iron-substituted ADE. We propose that the observed changes in enzyme reactivity are due to changes in the redox properties and structural changes to the diiron center as the protein becomes oxygenated. Scheme 2. At this point, the reduction potential of the metal center is lowered to þ174 V and the diferric form of ADE can no longer be reduced to the diferrous state by hydrogen peroxide. Modulation of the catalytic properties of the binuclear iron center may occur with changes in the reduction potential but changes in catalytic activity may also be the result of conformational changes in the metal center itself. When an excess of H 2 O 2 is added to ADE in the presence of a superoxide scavenger, $128 enzyme equivalents of hydrogen peroxide are consumed and $54 equivalents of O 2 are produced. The other products are hydroxyl radicals and $11 equivalents of superoxide. Since inclusion of hydroxyl radical scavengers had no effect on the kinetics of O 2 formation, it appears that the hydroxyl radicals are fully trapped by the protein and do not escape to the bulk solvent. Based on the number of residues found to be oxidized after ADE is no longer active, approximately 10-12 enzyme equivalents of hydroxyl radicals are produced for every enzyme molecule inactivated. This value is very similar to the number of HOCl molecules that are required to fully inactivate ADE.
During the sustaining phase, the predominant reaction is the conversion of hydrogen peroxide to O 2 and water. However, there is significant formation of hydroxyl radical and superoxide that must occur via single electron transfers. Oxidation and reduction of H 2 O 2 during the sustaining phase may occur by two single electron transfers to form superoxide and hydroxyl radical intermediates or by a coupled two-electron transfer to form O 2 and water directly. The mechanism proposed for the disproportionation of hydrogen peroxide by [ We further propose that hydrogen peroxide binds to the binuclear metal center and that single and/or coupled two electron transfers occur to and from these two metal ions. However, in all ADE crystal structures obtained thus far there are three metal ions in the active site even though the crystallizations were initiated with protein with only two metals per subunit. It is not clear how the third metal ion was incorporated into the protein during crystallization. ICP-MS analysis demonstrated that there were only two metal ions bound per subunit before crystallization. There are four protein residues that coordinate the third metal ion in ADE ec : His-120, Glu-121, His-473, and Asp-474. His-473 and Asp-474 form an invariant and fully conserved HD dyad in all ADEs in cog1001 and are absolutely critical for the catalase activity but have no role in the deaminase activity. The pH rate profiles for the catalase activity indicate that a single group must be unprotonated for catalytic activity with a pK a of 7.6-7.9. This pK a value is consistent with His-473 serving in proton transfer reactions in the oxidation and reduction of hydrogen peroxide. Computational docking to the three-dimensional structure of ADE tu suggests that His-120 is required to hydrogen bond to N3 of adenine. manganese centers, 17, 18 and a few binuclear iron centers. 5, 6 The latter are found in monooxygenase enzymes and model compounds. 5, 6, 19 Perhaps the best studied of these is toluene/o-xylene monooxygenase from Pseudomonas sp. OX1. 6 For this enzyme, the two irons are anti-ferromagnetically coupled and the diferric form is stable in air. This is typical for diiron centers that have no catalase activity. Structurally characterized diiron centers in their oxidized states have an oxo bridging group with Fe-Fe distances of ca. 3.5Å . In contrast, the irons in ADE are further separated, lack a bridging oxo group and are not anti-ferromagnetically coupled. The diferrous form is also stable in air. These properties impact the redox potentials that modulate catalase activity. 
Potential physiological significance
The physiological significance of the inherent catalase activity of ADE substituted with iron is unclear. However, it is known that in certain bacteria the deamination of adenine can function as a key step in the purine salvage pathway for formation of guanine nucleotides. 20 Therefore, under conditions of oxidative stress inactivation of ADE would block formation of guanine nucleotides via the purine salvage pathway, which in turn might slow cell growth under conditions of oxidative stress. There are known bacterial transcription factors that use metal-catalyzed oxidation of histidine (via H 2 O 2 ) as a redox sensor for controlling oxidative stress levels in cells. For example, PerR uses iron in the ferrous oxidation state to oxidize a histidine residue critical for DNA binding, thereby regulating oxidative stress levels within cells. 21, 22 Another example is the iron enzyme ribulose-5-phosphate 3-epimerase, which is irreversibly inactivated with H 2 O 2 , presumably from Fenton chemistry catalyzed by Fe 2þ in the active site. This enzyme can be protected by incorporation of manganese in the active site. 23 It is apparent that there is insufficient catalase in the cell when E. coli is grown aerobically to reduce the hydrogen peroxide concentration to a level that does not inactivate ADE. The catalytic domain of ADE comprises the N-terminal half of the protein and there is a rather large C-terminal domain of approximately 300 amino acids that has no obvious function. The N-terminal half of the protein is required for coordination of the binuclear metal center and encompasses all of the residues necessary for the deaminase activity. The C-terminal domain has the highly conserved HD dyad. Mutation of these residues results in the total loss of the catalase activity but has absolutely no effect on the deaminase activity. These two residues are postulated to function in proton transfers during conversion of H 2 O 2 to H 2 O and O 2 .
The promiscuous catalase activity is not limited to ADE from E. coli. We have also interrogated ADEs from B. subtilis (Bsu14520), A. tumefaciens (Atu4426), B. halodurans (Bh0640), and C. acetobutylicum (Cac0887). All of these enzymes catalyze the deamination of adenine and all catalyze the disproportionation of hydrogen peroxide when iron is bound to the active site. Members of the AHS catalyze hydrolytic, hydration, decarboxylation, 24 and isomerization reactions. 25, 26 This work revealed the first instance of a redox-type reaction from this superfamily of enzymes. It is, therefore, interesting to consider that other enzymes of unknown function within this superfamily will catalyze similar reactions.
Materials and Methods
Materials
All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Escherichia coli BL21(DE3) and XL1-blue competent cells were obtained from Stratagene. The expression vector pET30a(þ), Pfx Platinum DNA polymerase and Pfu Turbo DNA polymerase were purchased from Invitrogen.
ADE from E. coli and A. tumefaciens
Cloning of ADE from E. coli (ADE ec ) and A. tumefaciens (Atu4426; gi|15890557) was performed as described. 2 Mutations to these proteins were constructed using the QuikChange PCR protocol according the manufacturer's instructions. Enzymes were expressed and purified using an iron-free expression protocol. 2 The deamination of adenine was followed spectrophotometrically at 340 nm. 2 
ADE from other sources
Clones for ADE from Bacillus halodurans (Bh0640; gi|15613203), Bacillus subtilis (Bsu14520; gi|16078516) and Clostridium acetobutylium (Cac0887; gi|15894174) were expressed in an HY SeMet medium (Orion Enterprises, Northbrook, IL). Overnight cultures were prepared from glycerol stocks that were derived from fresh transformants in LB medium for 18 h at 37 C. A 5-10% inoculum was achieved by adding 50-100 mL of an overnight culture to 1 L of SeMet medium containing 30 lg/mL kanamycin, 30 lg/mL chloramphenicol, and 10 mL of 50% glycerol in a 2 L baffled shake flask. Cultures were grown at 37 C to an OD 600 ¼ 0.8. SeMet buffer (90 mg/L) was introduced and the culture was allowed to stand for 20 min at 22 C, after which 0.4 mM IPTG was added to induce the culture and grown for another 18 h at 225 rpm agitation. Cells were harvested using standard centrifugation for 10 min at 5500g and frozen at À80 C until ready for purification. Cell pellets produced from 1 L E. coli cell cultures expressing the C-terminal His-tagged proteins were suspended in 250 mL of lysis buffer (50 mM Tris-HCl pH 7.7, 250 mM NaCl, and six tablets of Roche Complete, EDTA-free protease inhibitor cocktail). The suspension was lysed by sonication and insoluble debris was removed by centrifugation for 30 min (39,800g). The supernatant was collected and incubated with 10 mL of a 50% slurry of Qiagen Ni-NTA Agarose, which was pre-equilibrated with wash buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 10% glycerol, and 25 mM imidazole) for 30 min with gentle stirring. The sample was then poured onto a drip column and washed with 50 mL of wash buffer to remove the unbound proteins. Protein was eluted using 25 mL of the elution buffer (wash buffer with 500 mM imidazole). was removed by passage through a PD-10 column. Reduced crystal violet was used to reduce the oxidized binuclear metal center back to the di-ferrous state in 20 mM HEPES, pH 7.5. Concentrations of the oxidized and reduced forms of the dye were determined at 590 nm after 6 h of incubation.
Mass spectrometry
ADE ec (5 lg) was loaded onto a 10% SDS-PAGE gel. The Coomasie Blue-stained protein band was excised from the gel, cut into pieces, and digested with trypsin (Promega). The excised gel bands were washed with 25 mM ammonium bicarbonate, pH 8.0, dehydrated with 50 lL of a 2:1 mixture of acetonitrile/50 mM ammonium bicarbonate for 5 min and then dried in a vacuum centrifuge. Gel pieces were further rehydrated for 40 min in an ice bath with 20 lM trypsin (Promega) in 25 mM ammonium bicarbonate buffer to a final volume of 12 lL. Following rehydration, samples were digested for 4 h at 37 C.
Digested gel slices (1-2 lL) were analyzed by tandem MS (Agilent 6520 quadrupole time-of-flight instrument with chip cube electrospray ionization). Samples were injected using a protein chip (160-nL trap, 75 Â 150 mm, 5 lm, C-18 SB-Zorbax, 300Å ) at a flow rate 300 nL/min. Data acquisition was performed using MassHunter (version B.02.00) in a 2-GHz extended dynamic range at a rate of three scans per second followed by data-dependent tandem mass spectrometric fragment scans of the four most intense ions. Precursor ion exclusion was set to 6 s after two consecutive tandem mass spectrometric scans. Acquired tandem mass spectrometric spectra were analyzed against a trypsin-specific enzyme search within Spectrum Mill (Agilent Technologies) with the defined protein sequence.
For intact mass analysis of ADE from B. halodurans, A. tumefaciens, B. subtilis, and C. actobutylium, matrix-assisted laser desorption/ionization (MALDI, Voyager-DE) and liquid chromatography electrospray ionization mass spectrometry (LC-ESI-MS, Agilent 1100, API150EX) were used to assess the purity and measure accurate masses of proteins. ESI-MS data were acquired in positive ion mode and spectra were deconvoluted using BioAnalyst 1.4 software to obtain 200 ppm mass accuracy. For site-specific modification studies, MS/MS analysis was performed using a linear trap quadropole Fourier transform (LTQ-FT) mass spectrometer (Thermo Finnigan) coupled with an Ultimate 3000 high performance liquid chromatography (Dionex). Following reduction and S-alkylation, protein in 50 mM Tris-HCl (pH 8.0) was digested overnight by trypsin, Asp-N (Roche Diagnostic), and chymotrypsin (Roche Diagnostic), respectively. Aliquots of the samples (1 pmol) were analyzed online using nanoflow high performance liquid chromatography-nanoelectrospray ionization. Data were acquired in positive ion mode. Peptides were sequenced by tandem mass spectrometry and identified by Mascot (Matrix Science, Version 2.1) search. Significant hits were manually inspected.
EPR and Mö ssbauer spectroscopy
Samples for EPR and Mössbauer spectroscopy were made and data were collected as described previously. Hydrogen peroxide (250 lM) was added and the evolution of O 2 was measured as a function of time.
After O 2 production ceased, 1.0 mL from this reaction mixture was removed and the absorbance was measured at 470 nm.
pH-rate profiles
The pH dependence of k cat and k cat /K m for the catalase activity was determined for [Fe II /Fe II ]-ADE ec over the pH range of 5.5-10.0. The buffers used for this study were 20 mM MES (pH 5.5-6.5), 20 mM HEPES (7.0-8.0), and 20 mM CHES (pH 8.5-10.0). The pH values of the solutions were measured before and after the completion of the assays.
6-Chloropurine inhibition of catalase activity
A solution of [Fe II /Fe II ]-ADE ec (1.5 lM) was incubated with 3.0 mM 6-chloropurine for 1 h in 50 mM HEPES buffer, pH 7.5 and then assayed for ADE and catalase activity as described previously. 2 
Data analysis
Initial velocity kinetic data were fit to Eq. (1) using SigmaPlot 9.0 where v is the initial velocity, [A] is the substrate concentration, E t is the total enzyme concentration, k cat is the turnover number, and K m is the Michaelis constant. For pH-rate profiles, Eq. (2) was used to fit the half-bell shaped pH profiles to determine values of pK a for the ionization of residues at low pH. In Eq. (2), the value of c is the a R merge ¼ P |I i À hIi| / P | I i | where I i is the intensity of the ith measurement, and hIi the mean intensity for that reflection. Values for the highest resolution shell are given within parentheses. maximum value for either k cat or k cat /K m , depending on the fit, and H is the proton concentration. In Eq. (3), E is the reduction potential of the metal center, E o is the reduction potential of the dye, R is the universal gas constant, T is the temperature, n is the number of electrons transferred during the redox reaction, and F is the Faraday constant. A ox is the concentration of the species involved in the oxidation reaction of the enzyme and A red is the concentration of the species involved in the reduction reaction of the enzyme.
log y ¼ log½c=ð1 þ H=K a Þ (2)
Structure determination of Atu4426 29 Data collection and refinement statistics are summarized in Table III . Structures were determined by rigid-body refinement of native model lacking metal followed by restrained refinement in REFMAC. 30 Metals were identified from the difference Fourier map and subsequent model building was carried out in COOT. 31 Geometry of the final refined models was evaluated using PROCHECK. 32 The refined final atomic coordinates and structure factor amplitudes were evaluated and deposited in the PDB. 
